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(57) Abstract 

When measuring fault currenis in an inverter, in which controlled semiconductor switches are pulse width modulated. PWM-VSI. to 
convert a DC voltage from an intermediary circuit to a B-phasc AC v Itage, DC currents arc measured m the posmvc and the negative rail 
of the inverter s that it is possible to detect faults originaung from both short-circuiu and earthmg faults, mainiammg a high sensuivii^ 
when reconstructing phase currents, which can be made by a $o<allcd vector modulation, called (SFAVM), in which the sutcs of the 
individual transistor switches are defined in a vector room (SFAVM) having six active states in which current fl ws m the mvertcr and two 
active stotes in which no current flows in the inverter. On the basis of the DC current measuremcnu the phase cunenu can be reconstructed, 
and all faulu can be detected. As mentioned, the measurement takes place as a measuremcni f DC currents, and for this purpose two 
transducers are used which are consinicicd in a wav that at the same current they give two different physical values, so that if there is no 
fault n the inverter, the phase current can still be liconstructed. The invention is especially cxpcdicm in connection with motor controls, 
active inverters, active filters, compensators, etc. 
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Method for measuring fault currents in an inverter 
and inverter with controlled semiconductor switches 



The invention concerns a method for measuring fault currents 
in an inverter, in which controlled semiconductor switches 
are pulse width modulated/ hereby converting a DC voltage 
from an intermediary circuit to a multi-phase AC voltage, 
and where phase currents are reconstructed by measuring a 
current ir. the intermediary circuit, and current fault 
detection is made by measuring both the forward current 
flowing to the switches and the reverse current flowing from 
the switches. 

The invention also concerns an inverter with controlled 
semiconductor switches, which are pulse width modulated, 
hereby converting a DC voltage from an intermediary circuit 
to a multi-phase AC voltage, and where phase currents are 
reconstructed by a measuring devzce measuring a current in 
the intermediary circuit, and where the measuring device, 
through measurements of the forward current flowing to the 
semiconductor switches and the reverse current flowing from 
the switches, is also acting as fault current detector. 

In an article published by the Institute of Energy 
Techniques, Alborg University, by Frede Blaabjerg and John 
Pedersen with the title **A new low-cost, fully fault 
protected PWM-VSI inverter with true phase-current 
information" a method of the sort mentioned above is 
described. The article was published by IPEC *95, Yokohama, 
Japan, 3 to 7 April 1995. 
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The inverter consists of six transistors controlled through 
eight possible switch states. Of these, two give no voltage 
between the phase-phase wires, while the remaining six 
generate a voltage, which, when connected to a load, ieads 
to a voltage between the phases, which again leads to a 
current ir,- in the intermediary circuit.. The current flows 
towards the transistors in the positive current rail of the 
intermediary circuit and returns from the transistors in the 
negative current rail of the intermediary circuit. The three 
phase currents can be reconstructed by measurements e.g. in 
the negative current rail of the intermediary circuit, as is 
also stated in the article. This will also be dealt with 
later . 



E.g. the inverter is used for motor controls, but it can 
also be used in active inverters, active filters, 
compensators etc. 

It is extremely important that faults, e.g. short circuits 
in the inverter are discovered quickly, as considerable 
amperages are involved. 

In the article various fault detections are s.hown. In a 
first embodiment the fault currents are measured with four 
current sensors, one for each phase and one for the DC 
current. Obviously, this is an expensive solution, and in 
the article it is therefore proposed to use the DC current 
measurements partly for reconstructing the three phase 
currents, partly for fault detection, though an additional 
current sensor capable of sensing earthing faults is used 
around the phases. 

Finally, the article mentions a method, for which only one 
current sensor is used, for reconstruction of the three 
phase currents, which are connected, in a way that all faults 
can be detected. The current sensor measures the forward aj;d. 
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the reverse DC currents and the two currents are added in 
the current measurement. However, this principle has one 
disadvantage, namely that the current sensor measures the 
double current, causing that the resolutions of the 
measurement and the earthing fault detection are halved. 

The purpose of the invention is to improve the 
reconstruction of the three phase currents mentioned above 
in a way that the resolution of both measurement and fault 
detection reaches an optimum. 

According to the invention, this is obtained by a method as 
stated in the preamble of claim 1, which is characteristic 
in that the current measurements are made by means of a 
current sensor measuring the difference between the forward 
current and the reverse current, by which the forward 
current is converted to a 1st physical value, while the 
reverse current is converted to a 2nd physical value, the 
1st and the 2nd physical values being different when the 
forward current and the reverse current are equal. 

In this way any fault can be detected maintair.mg the 
reconstruction of the phase currents, as the sum of the two 
physical values will be different from zero, when the 
inverter is working without faults. Especially faults can be 
detected when the inverter is set in a state in which there 
is no voltage difference between the phases, while the 
reconstruction of the phase currents can take place on the 
basis of the sum values of the physical sizes. 

As stated in claim 2, the forward current and the reverse 
current are measured by a current sensor having two 
transducers, of which the first one is converting the 
forward current to a 1st physical value, while the other 
converts the reverse current to the 2nd physical value. 
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If coils with different winding numbers are used as 
transducers, especially in a way that one of the coils has 
one winding more than the other, a maximum resolution is 
obtained. Besides, an optimum frequency characteristic is 
obtained if one of the coils has exactly one winding. 

As mentioned, the invention also concerns an inverter with 
controlled semiconductor switches of the sort mentioned in 
the preamble of claim 6. This inverter is characteristic in 
that the measuring device converts the forward current to a 
1st physical value, while the reverse current is converted 
to a 2nd physical value, the 1st physcial value being 
different from the 2nd physical value, if the forward and 
reverse currents are equal. 

Advantageous embodiments of the invention appear from the 
dependent claims. 

In the following the invention will be explained on the 
basis of the figures, in which 

Fig. 2 shows a known inverter of the PWM-VSI type with a 
current sensor 

Fig, 2 also shows a known inverter of the PWM-VSI type 

but with protection against fault currents 
Fig. 3 uses vector notation and shows how the inverter 

can be modulated 
Fig. 4 shows the geometrical placing of the voltage 

vectors of a 3-phase AC 
Fig. 5 shows a table of phase currents from the inverter 

as a function of the voltage vectors according to 

fig. 3 and 4 

Fig. 6 shows a current circuit with a protection 
principle in accordance with the invention 
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Fig . 8 
Fig. 9 



Fig. 1 



shows an example of a short-circuiting in an 
inverter branch 

shows an example of short circuiting of two phases 

shows an example of an earthing fault 



Fig. 10 shows the current sensor set-up for use with the 
protection principle according to the invention 

Fig- 1 shows a three-phase PWM-VSI (pulse width modulated 
voltage source inverter) consisting of six transistors^ Tl^ 
T2, T3, T4, T5 and T6, in a three-phase inverter bridge, 
each of which has a commonly known free-wheeling diode 
connected in parallel. At a suitable application of 
voltages, u., u. and u. on the bases/gates of the 
transistors, cf. later, phase voltages and phase currents, 
ir:# ir. and ir,, will be produced on the outputs of the 
transistors connected in pairs, which phase voltages and 
phase currents can be lead to a load in the form cf a motor 
as control current. 

The transistors are supplied with a DC voltage from an 
intermediary current circuit i . At a suitable conversion cf 
the transistors fror. conducting to non-conductir.g state, the 
inverter bridge converts the AC voltage to a three-phase AC 



In a known way the phase currents can be reconstructed by 
measuring the current ic^r in the intermediary circuit. 
Further a measuring of i^r can disclose if there are faults 
in the inverter, for instance if a current, irr# is measured, 
even if voltages are applied for the bases/gate of the 
transistors, which should make the intermediary circuit 
currentless. However, the disclosure of the fault is not 
certain in all cases with the circuit shown in fig. 1, for 
instance if all the transistors ?1, T2 and T3 are on, and 
there is an earthing fault occurring in the load, and thus 
not reaching the current sensor. Analogue considerations 



voltage . 
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apply for the transistors T4, T5 and T6/ if the current 
sensor is placed in the current rail in the intermediary 
current circuit carrying the forward current. 

Fig. 2 shows an inverter which is different from the one 

shown in fig. 1 in that in the intermediary current circuit 

both a forward current and a reverse current are measured, 

which are then added. In this way also earthing faults can 1 

be discovered', if all three transistors Tl, T2 and T3 are 

on. However, the disadvantage of this is that the 

distribution of the current measured halves the resolution 

of the determination of the phase currents, and also of the 

earthing fault detection. 

In connection with fig. 3 to 5, the following will be an 
explanation of how the inverter is controlled in accordance 
with* the invention. 

The transistors Tl, T2, T3, T4, T5 and T6 are switched in a 
way that uniquely defined currents occur in the intermediary 
circuit, which for every single switch state can be referred 
to a certain phase/ cf. fig. 5, i.e. the currents i.:, - i-:-., 
i -i:., ic / -i:-. Further, the inverter can be currentless 
in the intermediary circuit. Symbolically, this can be 
expressed by a vector notation, which is shown in the table 
in fig. 5. As appears from this table, a vector of the form 
(X, y, z) has been allocated to each of the eight switch . 
states, in which x expresses the state of transistor Tl, in 
a way that logical means on, while logical **0" means 

off. The same applies for transistor T2/ the state of which 
is y, and transistor T3 with the state z. Please also note 
that the transistors T4, T5 and T6 are working 
complement arily with the transistors Tl, T2 and T3, meaning 
that when Tl is on, TA is off and vice versa, etc. 
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As shown in fig. 3, the application on the phases of the 
voltage vector (100) for the period Tl, and the voltage 
vector (110; for the period 12, corresponding to a pulse 
width modulation, enables the realisation of a customized 
voltage, u^, with a desired frequency and amplitude on a 
load. The angle of u- is directly proportional to the 
relative duration of the periods. Please note that when (x, 
y, 2) = (0, 0, 0) or (1, 1, 1), the load is disconnected 
from the intermediary circuit, i.e. u. = 0. 

As can also be seen from fig. 4 when compared with fig. 5, 
any voltage can be applied with a load at a suitable 
selection of (x, y, z) . 

Fig. 4 shows a symbolic vector diagram divided into 6 
sectors marked 1, II, III, IV, V and VI. Each of these 
sectors is defined by the voltage vectors from the table in 
fig. 5, so that a given phase current can be fed to a load. 

An example of the application of a voltage vector u in 
sector IV, corresponding to the phase currents i.. and -i.., 
could be the switching of the transistcrs ir. the fcllowing 
vectcr sequence: 

(000), (010), (Oil), (111), (111), (Oil), (010), (000). 

Please note that the last phase current is determined on the 
basis of the equation: 

is. i-:. + is- = 0 

When changing the switching frequency, and the duration of 
the individual phase currents, a given voltage vector can 
thus be produced for a load with the switching sequence in 
sector IV mentioned above. 

BEST AVAILABLE COPY 

«WO 0714306A1_I.> 



wo 97/14205 PCT/DK96/00418 

- 8 - 



In a completely analogue way the voltage vectors in the 
other sectors can be produced. 

As a modulation of the inverter will produce voltage vectors 
by switching between the eight states in fig. 5, it is 
obvious that measuring U., will enable the determination of 
the three-phase currents, as there is a unique correlation 
between the phase currents and ij . . 

The following is an explanation of how a measuring of ii., in 
accordance with the invention can improve the detection of 
possible faults in the inverter. The principle is shown in 
fig. e, showing, like fig. 1 and 2, a three phase inverter 
connected to a load in the form of a three-phase AC motor. 

As can be seen from the figure, the current measuring is 
made, like ir. fig. 2, by measuring both the forward and the 
reverse i: • currents. The difference is that the measuring is 
made so that the forward i; current can be distinguished 
from the reverse i; . current. 

To be explicit, the following applies: 

i: = Nl X i: - N2 X i;, 

where Nl and N2 are the numbers of windings on a coil in a 
current sensor. 

If Nl = N2 when there are no earthing or phase-zero faults, 
the two currents will neutralise each other and give the 
resulting i: = 0, and though this ensures that the inverter 
is faultless, it also makes the information needed for the 
reconstruction of phase currents disappear. 
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If, however, Nl = N2, a resulting i— current can be measured 
for recoriSt ructing the phase current under preservation of 
fault. de::ection in both the positive and the negative DC 
branch, end, that is, also preserving the high sensitivity. 

In other wcrcs, compared with the set-up according to fig. 
1, full protection of the inverter in the DC intermediary 
circuit 15 obtained, also when the voltage vector is applied 
with (OOOi or {111;/ where the phases are disconnected from 
one of the current rails of the intermediary circuit, and 
compared with the embodiment in fig. 2 a high resolution 
under preservat icn cf full fault detection is ensured. 

In this connection it must also be noted that in relation to 
the embcdiner.*. according to fig. 2, the driving area of the 
current senscr can be halved from e.g. 50 A to 25 A, so that 
it becomes cheaper. 

Cut of regard for the dynamic range with regard to 
frequency, it is preferred that Nl and N'2 have as few 
windings as possible. At the same time this ensures the 
lowest possible demands on overvoitage prcrec'ion of the 
power switches. 

For example, Nl = N2 + 1, at N2 = 1 . 

In the following some possible fault situations in a three 
phase inverter will be described in connection with fig. 7 
to 9. 

Fig. 7 shows a short-circuiting of an inverter branch, 
marked with a bold line, i.e. Tl and T4 are on at the same 
time. The current i.- will run in the short-circuited branch, 
where i. = i- = i.... . At a comparison in a comparator 5, in 
which a limit value I..,..- is compared with i:-, the fault can 



BEST AVAILABLE COPY 



wo 97/14205 PCT/DK96/00418 

- 10 - 

be detected. Of course/ the same applies for the other 
inverter branches . 

Fig. 8 shows a fault situation, in which two phases are 
short--circuited. The applied voltage vector is (Oil). 

In this case i^H will be able to run as shown with a bold 
line, i.e. from T2 through the phases i:;. and i.-> and through 
T4 . Like in the fault situation m fig. 1, the current i: = 
ir = ir.. can be compared with a limit value in a comparator, 
and give fault message. 

Finally, fig. 9 shows a fault situation, in which an 
earthing fault has occurred, here shown with a bold line, 
said fault being caused by an unintentional earthing of one 
of the phases S3. 

In this situation there are two possibilities, namely a so- 
called small earthing fault and a proper shcrt-circui ting to 
earth . 

A small earthing fai:lt is detecred ry applyma one of the 
voltage vecrors (000} or (111) to rhe p.'iases, and if a 
comparator circuit 5 finds that I:., is higher than Iit..:r:w 
the earthing fault will be detected in the AND-circuit 7, 
which only permits passage, when one of the vcltage vectors 
(000) or (111) is applied. 

A proper short-circuiting to earth is detected as described 
earlier through a comparison of i: and I:;„.- in the 
comparator 5. 

Faults for a possible 0-conductor can be detected in the 
same way. 
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Fig. 10 is a schematic view of the current measurements in 
an embodiment. As shown in the figure, a differential 
transformer 9 with two coils 10, 11, has been inserted 
between the inverter 12 and the intermediary circuit 1, the 
forward current i: being connected to the coil 10, while the 
reverse current ir is connected to the coil 11. A Hall 
element 13 is placed in the slot of the differential 
transformer. The Hall element converts the magnetic field 
builr up in the slot to a current taken out through an 
ampl i f ier 1 4 . 

The mode of operation is as follows: 

If the forward current i: has the same numerical value as the 
reverse current i-, a magnetic field will be built up in the 
slot of the rransformer when the coils 10 and 11 have 
different winding numbers, for instance as suggested in the 
figure, in which coil 10 has two windings, while the coil 11 
has three windings. This magnetic field can then be detected 
by the Hall element, which converts the magnetic field to a 
current . 

With this measuring set-up the curren-i measuring can be used 
for both fault detection and reconstruction of the phase 
currents . 

Even though the invention is described in connection with an 
inverter connected to a motor, nothing prevents the use of 
the principles of the invention in other connections, within 
the frames stated by the patent claims, for instance with 
active inverters, active filters, compensators etc. 
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Patent Claims 

1. Method for measuring fault currents in an inverter (12), 
in which controlled semiconductor switches (Tl, T2 , T3, 
7A, Zb, TGj are pulse width modulated/ hereby converting 
a EC voltage from an intermediary circuit (1) to a 
multi-phase AC voltage, where phase currents are 
reconstructed by measuring a current in the intermediary 
circuit, and where current fault detection is made by 
measuring both the forward current flowing to the 
switches and the reverse current flowing from the 
switcher, characterised in that the current measurements 
are made by means of a current sensor (4) measuring the 
difference between the forward current and the reverse 
current, by which the forward current is converted to a 
ist physical value and the reverse current is converted 
to a 2nd physical value, the 1st and the 2nd physical 
value being different when the forward current and the 
reverse current are equal, 

2. Method according to claim 1, characterised in that the 
forward current and the reverse current are measured by 
a current sensor (4) having two transducers {10, 11) , of 
which the first transducer (10) is converting the 
forward current to the 1st physical value, while the 
second transducer (11) is converting the reverse current 
to the 2nd physical value. 

3. Method according to claim 2, characterised in that two 

coils (10, 11) with different winding numbers are used 
as transducers. 
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4. Method according to claim 3, characterised in that the 

winding number of one of the coils (11) is one higher 
than zhe winding number of the other coil (10). 

5. Method according to claim 3 or 4, characterised in that 
one of the coils has exactly one winding. 

6. Inverter (12) with controlled semiconductor switches 
(Tl^ T2, T3, T4, T5, T6) , which are pulse width 
modulated, hereby converting a DC voltage from an 

* intermediary circuit (1^ to a multi^phase AC voltage, 
where phase currents are reconstructed by a measuring 
device (4; measuring a current in the intermediary 
circuit, and where the measuring device, through 
measurements of the forward current flowing to the 
semiconductor switches and the reverse current flowing 
from the switches, is also acting as fault current 
detector, characterised in that the measuring device (4) 
is converting the forward current to a 1st physical 
value, while the reverse curreri is converted to a 2nd 
physical value, the 1st and the 2nd physical value being 
different when the forward current and the reverse 
current are equal. 



7. Inverter according to claim 6, characterised in t:hat the 
measuring device (4) includes two transducers (10, 11) 
for conversion of the forward and reverse currents to 
the 1st and the 2nd physical value, respectively. 

8. Inverter according to claim 7, characterised in that the 
measuring device is a differential transformer (9) with 
two windings. 
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9. Inverter according to claim 8, characterised in that the 
differential transformer (9) is connected to a Hall- 
element ;i3) . 

10. Inverter according to claim 8 or 9, characterised in 
that the differential transformer (9) has two windings 
with different winding numbers. 

11. Inverter according to claim 10, characterised in that 
one of the coils (11) has one winding more than the 
other coil (10) . 

12. inverter according to claim 10 or 11, characterised in 
that one of the coils has exactly one winding. 

13. Inverter accordi.ng to any of the claims 6 to 11, 
characterised in that the fault current detector (4» is 
made for fault detection of a short-circuiting in an 
inverter branch. 

14. Inverter according to any of the claims t- tc 11, 
characterised in that the fault current detector {4-. is 
made for fault detection of a short-circuiting of two 
phases . 

15. Inverter according to any of the claims 6 to 11, 
characterised in that the fault current detector (4) is 
made for fault detection of a short-circuiting to earth. 
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